The inert chemical property of RNA modification N 6 -methyladenosine (m 6 A) makes it very 10 challenging to detect, and all of the transcriptome-wide m 6 A detection methods rely on m 6 A-11 antibody immunoprecipitation. However, their results are dependent on the quality and 12 specificity of antibodies. Although the endoribonuclease-based single-base m 6 A sequencing is 13 antibody-free, it maps only 16~25% sites. Here, we present an antibody-free, FTO-assisted 14 chemical labeling method termed m 6 A-SEAL for m 6 A detection. We applied m 6 A-SEAL to 15 profile m 6 A landscapes in human and plant, which had good overlaps with antibody-based 16 results and displayed the known m 6 A distribution features in transcriptome. Comparison with 17 all available m 6 A sequencing methods and specific m 6 A sites validation by SELECT, we 18 demonstrated that m 6 A-SEAL has good sensitivity, specificity, and reliability for 19 transcriptome-wide detection of m 6 A. Given its tagging ability and FTO's oxidation property, 20 m 6 A-SEAL enables many applications like enrichment, imaging, and sequencing techniques to 21 drive future functional studies of m 6 A and other modifications.
with 1 nmol of model RNA for 5 min at pH 7 and 37 °C, generating 60% of hm 6 A formation 114 converted from m 6 A ( Supplementary Fig. 6 ), a yield similar to a previously reported study of 115 FTO kinetics 23 . After ethanol precipitation purification, the purified RNA was subsequently 116 treated with 200 mM of DTT for 3 h at pH 4 and 37 °C, generating 83% of dm 6 A formation 117 from hm 6 A ( Fig. 2a and Supplementary Fig. 7) . 118 m 6 A-SEAL sensitively and specifically enriches m 6 A-modified RNA. After validation of 119 m 6 A-SEAL on model RNA, we next tested m 6 A-SEAL on human RNA to optimize the reaction 120 conditions and examine its sensitivity and specificity. First, purified poly(A) + RNA from 121 HEK293T cells was chemically fragmented into 100 nt molecules at 95 °C, which were then 122 treated with FTO (at a variety of concentrations to facilitate optimization). We found that a 123 five-minute incubation at 37 °C with 0.2 μM of FTO resulted in the highest yield (~50%) of 124 hm 6 A using 300 ng of poly(A) + RNA in 100 μL of demethylation reaction, these hm 6 A can be 125 further converted to dm 6 A (yield 69%) under the treatment of DTT ( Fig. 2b and Supplementary 126 Fig. 8 ). Importantly, we detected no noticeable degradation for the fragmented poly(A) + RNA 127 upon this mild acidic condition ( Supplementary Fig. 9 ), emphasizing that the protocol would 128 not substantially affect the quality of RNA and sequencing libraries. The successfully DTT 129 labeled poly(A) + RNA was subsequently reacted with MTSEA-biotin, a commercial thiol-Importantly, we detected no cross-reactivity for unmodified sequence (Fig. 2d ). Therefore, 139 these results support impressive sensitivity and specificity for m 6 A-SEAL based evaluation of 140 m 6 A distribution in biological samples. These spike-in experiments also showed that a five-141 minute reaction time and 0.2 μM FTO were ideal to obtain the highest enrichment efficiencies 142 of the spike-in m 6 A-modified sequences ( Supplementary Fig. 11 ). 143 m 6 A-SEAL identifies transcriptome-wide m 6 A sites in human cells. We subsequently 144 performed m 6 A-SEAL-seq for poly(A) + RNA from HEK293T cells. We detected a total of 145 14,274 m 6 A peaks within human genes in two biological replicates, and classified the 146 overlapping 7,785 peaks as high confidence sites for subsequent analysis ( Supplementary Fig.   147 12). Several known m 6 A sites in transcripts were consistently identified in two biological 148 replicates of m 6 A-SEAL ( Fig. 3a ). Note that sequencing on different platforms (and with a 149 variety of analysis modes) yielded satisfactory data in each case (Supplementary Table. 1). The 150 m 6 A sites identified by m 6 A-SEAL-seq revealed strong enrichment for the well-known 151 canonical m 6 A motif RRACH (R=purine, H=A/C/U) (Fig. 3b ). The center of m 6 A peaks were 152 highly enriched at the consensus sequence compared to the negative control peaks (Fig. 3c) , 153 supporting the specificity of m 6 A-SEAL. The distribution of m 6 A within transcriptomes 154 revealed strong enrichment in the vicinity of stop codons ( Fig. 3d ), which echoed a typical m 6 A 155 distribution pattern mapped using MeRIP-seq 16, 17 . Mapping m 6 A sites to exons revealed that 156 ~89% of m 6 A-modified exons were longer than 400 nt compared to the negative control peaks 157 (p<2.2 × 10 -16 , Wilcoxon test; Fig. 3e ), in line with previous finding that m 6 A preferentially 158 locates within long exons 16, 20 .
159
Closer examination of the distribution of the identified m 6 A sites within regions of 160 transcriptome revealed that the majority of m 6 A (83.1% of 7,785 confident m 6 A sites) were 161 present on coding transcripts with a preference within the coding sequences (CDS) and 3' 162 untranslated region (3'UTR) ( Fig. 3f ). 33 m 6 A sites near transcription start sites (TSS, < 150 163 nt) were regarded as potential N 6 ,2'-O-dimethyladenosine modifications at the cap +1 position 164 (termed cap m 6 Am; Fig. 3f ), suggesting that our method could capture m 6 A and cap m 6 Am sites 165 simultaneously. 1,222 m 6 A sites (15.7%) belongs to non-coding RNAs, including lncRNA, pri-166 miRNA, snoRNA, and snRNA ( Fig. 3f ). m 6 A-SEAL confirms that UGUAHH is a plant-specific m 6 A motifs. Having established 168 proof-of-concept for global m 6 A profiling from biological samples, we were next eager to 169 deploy m 6 A-SEAL-seq to explore unsolved scientific questions in the exciting basic research 170 area of epitranscriptomics cellular regulation. MeRIP-seq cannot identify the canonical m 6 A 171 motif RRACH in Oryza sativa (rice); instead, a different motif sequence was found but not 172 ascribed with high confidence because of the potential for non-specific antibody binding and 173 the absence of experimental confirmation 27, 28 . Considering that our m 6 A-SEAL is a chemically 174 covalent cross-linking method for mapping m 6 A sites, which eliminates the non-specific 175 binding, we addressed this unsettled scientific question by performing m 6 A-SEAL-seq in 176 poly(A) + RNA samples isolated from 60-day-old rice leaves. 177 12,297 high confidence m 6 A peaks were identified in two biological replicates 178 ( Supplementary Fig. 13a ). Metagene profiling and the distribution within the non-overlapped 179 segments of transcripts of the m 6 A sites identified by m 6 A-SEAL showed that m 6 A 180 predominantly occurs within 3'UTR ( Supplementary Fig. 13b ,c), in consistent with the 181 previous MeRIP-seq result in rice 27 . To identify m 6 A motifs, we clustered all confident m 6 A 182 peaks in HOMER (Hypergeometric Optimization of Motif Enrichment) software to search 183 motifs. We did not find the canonical m 6 A motif RRACH in rice; instead, we identified a non-184 canonical motif UGUAHH (H=A/C/U) with highest significance ( Supplementary Fig. 13d ).
185
Note that similar motifs were previously found in rice panicles (UGWAMH, W=U or A; M=C 186 or A; H=U, A, or C) 27 and Arabidopsis (URUAY, R=G or A; Y=U or A) 29 . To further confirm 187 it, we calculated the enrichment of m 6 A-SEAL identified m 6 A peaks to the centre of UGUAHH 188 and RRACH motifs, which showed that m 6 A peaks were strongly enriched at the centre of the 189 UGUAHH motif but not the RRACH motif ( Supplementary Fig. 13d ). To further demonstrate the reliability of m 6 A-SEAL, we picked eight sites-five m 6 A sites 215 and three unmethylated sites-from m 6 A-SEAL results for validation using SELECT method 216 we developed previously ( Fig. 4d and Supplementary Fig. 15 ). SELECT is an elongation and 217 ligation-based qPCR amplification method for detection of m 6 A position and fraction in 218 mRNA/lncRNA at single-nucleoside resolution 30 . SELECT method confirmed these five m 6 A 219 sites and three unmethylated sites, which were consistent with m 6 A-SEAL results (Fig. 4e ).
220
SELECT validation results showed that all antibody-based m 6 A sequencing methods had high 221 false positive rates. In total eight sites, MeRIP had three false positives and one false negatives, 222 (Fig. 4d,e and Supplementary Fig. 15 ). The antibody-based single-base m 6 A sequencing 223 methods (miCLIP and m 6 A-CLIP) displayed low ability for mapping m 6 A sites and high false 224 positive rates. In total eight sites, miCLIP-CIMS and miCLIP-CITS together identified four m 6 A sites, but only half of them were positives; m 6 A-CLIP identified three m 6 A sites, but one 226 of them was false positives (Fig. 4d,e and Supplementary Fig. 15 ). m 6 A-REF-seq as an 227 antibody-free and endoribonuclease-based single-base m 6 A detection method exhibited good 228 reliability on ACA motif, however, it was powerless to map other m 6 A-modified motifs (for 229 instance, m 6 A-REF-seq can not identify m 6 A-modified ACU motif in MALAT1 2577 site (chr11: 230 65500338)) ( Fig. 4e and Supplementary Fig. 15 ). Collectively, m 6 A-SEAL as a chemical 231 labelling method has higher reliability for detection of m 6 A sites.
232

Discussion
233
The epitranscriptomic modification m 6 A regulates numerous biological processes and diseases.
234
It is desirable to develop a chemical-assisted m 6 A sequencing to reduce the non-specific 235 antibody binding effect. In this work, we report an FTO-assisted m 6 A selective chemical FTO protein is commercial available or can be easily purified in laboratory; DTT is a common 242 biochemical reagent.), and used available bioinformatics tools for data processing. We 243 demonstrated that this cost-effective, antibody-free method has good sensitivity, specificity, 244 and reliability for transcriptome-wide detection of m 6 A. is hard to be detected and studied. Without FTO oxidation step, DTT-mediated hm 6 A labeling 274 method could be adapted to detect this unstable modification in transcriptome-wide manner.
275
Furthermore, m 6 A-SEAL converts the inert m 6 A to dm 6 A with a free sulfhydryl, which can be 276 installed a variety of tags (e.g., biotin and fluorophores) through reaction with MTSEA. Here 277 we have demonstrated one application that we installed biotin tag on m 6 A for enrichment and 278 sequencing. We anticipate that m 6 A-SEAL method could be modified to image cellular m 6 A 279 modification by installation of fluorophores on cellular m 6 A.
280
In summary, we developed m 6 A-SEAL method, which couples FTO's enzymatic oxidation 281 of m 6 A to the unstable intermediate hm 6 A with DTT-mediated thiol-addition reaction to generate a more stable dm 6 A with a sulfhydryl group that facilitates simple installation of 283 functional application tags like biotin. We demonstrated that m 6 A-SEAL is a robust and reliable 284 method for detection and functional studies of m 6 A. Considering FTO's oxidation property on 285 multiple modifications and the tagging ability of dm 6 A, m 6 A-SEAL with optimization could 286 be adapted to detect other modifications and image cellular m 6 A modification. 
